Cell survival and death play critical roles in tissues composed of post-mitotic cells. Cyclic AMP (cAMP) has been known to exert a distinct effect on cells' susceptibility to apoptosis, protecting neuronal cells and deteriorating myocardial cells. These effects are primarily studied using protein kinase A (PKA) activation. In this study, we show the differential roles of Epac, an exchange protein activated by cAMP and a new effector molecule of cAMP signaling, in regulating apoptosis in these cell types. Both stimulation of Epac by 8-p-methoxyphenylthon-2'-O-methyl-cAMP and overexpression of Epac significantly increased DNA fragmentation and TUNEL-positive cell counts in mouse cortical neurons but not in cardiac myocytes. In contrast, stimulation of PKA increased apoptosis in cardiac myocytes but not in neuronal cells. In cortical neurons, the expression of the Bcl-2 interacting member protein (Bim) was increased by stimulation of Epac at the transcriptional level and was decreased in mice with genetic disruption of Epac1. Epac-induced neuronal apoptosis was attenuated by the silencing of Bim. Furthermore, Epac1 disruption in vivo abolished the 3-nitropropionic acid-induced neuronal apoptosis that occurs in wild-type (WT) mice. These results suggest that Epac induces neuron-specific apoptosis through increasing Bim expression. Since the disruption of Epac exerted a protective effect on neuronal apoptosis in vivo, the inhibition of Epac may be a consideration in designing a therapeutic strategy for the treatment of neurodegenerative diseases.
Induction of apoptosis in post-mitotic cells, such as neurons and cardiac myocytes, has been thought to be responsible for such irreversible disorders as Alzheimer's and Huntington's disease as well as stroke and heart failure (1) .
The effect on cell death of cyclic AMP (cAMP), a major second messenger, has been extensively studied. In neuronal cells, it is well known that activation of cAMP signals reduces the rate of neuronal cell death under a variety of stresses (i.e., β-amyloid protein, sialoglycopeptide, low potassium-induced neurotoxicity) (2-4), although there have been several reports that dopamine or prostanoid receptor-mediated cAMP production induces neurotoxicity (5, 6) . β-adrenergic receptor signaling, on the other hand, promotes apoptosis in cardiac myocytes, resulting in heart failure (7, 8) . Therefore, the model proposing that cAMP signaling plays a protective role in neuronal cells but a deteriorative role in myocardial cells is well-accepted.
Most studies that have demonstrated the effect of cAMP signaling on apoptosis have focused primarily on protein kinase A (PKA), a 2 classical target molecule of cAMP. Recent studies involving cAMP signaling have focused instead on Epac, an exchange protein activated by cAMP that has been identified as a new target of cAMP, independent of PKA (9) . Epac has been found to regulate a variety of cellular processes, including cell proliferation, migration, secretion, and differentiation (10) . It has been demonstrated that Epac, either alone or with PKA, plays a protective role in immune cells against apoptosis (11, 12) . In post-mitotic cells such as a neurons and cardiac myocytes, however, the role of Epac in apoptosis has not been reported.
To date, two isoforms of Epac have been identified: Epac1 and Epac2 (9) ; they differ in that Epac2 contains a second binding site for cAMP. It has recently been reported that there is an up-regulation of Epac1 mRNA in Alzheimer's disease (13) and an up-regulation of Epac1 protein expression in rats with inflamed neurons (14) , implicating that cAMP signaling may not always play a protective role in neurons. The change in the Epac1 expression pattern has also been demonstrated in other cell types (i.e., heart, vasculature, kidney, and lung) (15) (16) (17) (18) . The stoichiometry of Epac, especially of Epac1, and that of PKA might be changed in several diseases, including neuronal and cardiac disorders; this could lead to the various effects of cAMP signaling on cell death.
Through experiments using Epac-or PKA-selective cAMP analogs, overexpression of Epac1 and the PKA catalytic subunit, and Epac1-deficient mice, the present study demonstrates that cAMP signaling no longer increases neuronal cell viability when Epac is selectively activated: instead, cAMP signaling induces apoptosis through increasing Bcl-2 interacting member protein (Bim) expression. Our findings also suggest that the selective inhibition of Epac signaling may become a therapeutic strategy in the treatment of neurodegenerative diseases.
Experimental Procedures
Antibodies and reagents-8-p-methoxyphenylthon-2'-O-methyl-cAMP (pMe-cAMP) and N 6 -Benzoyladenosine-cAMP (Bnz-cAMP) were purchased from BioLog Life Science Institute (Bremen, Germany) and Sigma-Aldrich (St. Louis, MO, U.S.A.), respectively. Antibodies to Epac1, Epac2 and a PKA α catalytic subunit were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). An antibody to Bim was purchased from Stressgen Biotechnologies (Victoria, BC, Canada). Antibodies to Bim and cleaved caspase 3 were purchased from Cell Signaling Technology (Danvers, MA, U.S.A.). An antibody to Bcl-2 was purchased from BD Biosciences (Franklin Lakes, NJ, U.S.A.).
Generation of Epac1 knockout mice-
Epac1 knockout mice (Epac1 KO; Acc. No. CDB0542K http://www.cdb.riken.jp/arg/mutant%20mice%20l ist.html) were generated by means of homologous recombination (19) . Briefly, the targeting vector was constructed by inserting loxP/PGK-Neo-pA/loxP (http://www.cdb.riken.jp/arg/cassette.html) into exon 1 and exon 2 of the genomic Epac1 locus (Fig. 7A) . The targeting vector was introduced into TT2 embryonic stem cells, and homologous recombinant clones were first identified by polymerase chain reaction (PCR), then confirmed by southern blot analysis (Fig. 7B) . The targeted embryonic stem cell clones were injected into CD-1 8-cell stage embryos, and the resultant male chimeras were mated with C57BL/6 females to establish germ-line transmission. All experiments were performed on C57BL/6 and CBA mixed-background 3-to 5-month-old male homozygous Epac1KO and wild type (WT) littermates from F1 heterozygote crosses. Mice were genotyped by PCR using a mixture of three primers (F1: TGA GAA GAG CCC CAT CGT  TGT G, B1: GCC TGG CAC ATG GAA GTG AT,  NeoF1: TGA ATG GAA GGA TTG GAG CTA  CG) as indicated in Fig. 7A . The PCR conditions consisted of 95ºC for 5 min, 35 cycles of 95ºC for 30 s each, 60ºC for 30 s, and 72ºC for 30 s, followed by 72ºC for 7 min (Fig. 7C) .
All experiments were performed on 3-to 5-month-old homozygous Epac1 KO mice and wild-type (WT) littermates. This study was 3 approved by the Animal Care and Use Committee at Yokohama City University School of Medicine. Primary culture of fetal mouse cortical neuronsPrimary cortical neurons were isolated from the cortices of embryonic day 15-17 C57BL/6 or Epac1 KO mice, as previously described (20) with some modifications. Briefly, the cortex was incubated with 0.3 % trypsin (Invitrogen, Carlsbad, CA, U.S.A.) by titration; then, cells were plated onto a 12-mm glass coverslip precoated with 6mg/ml poly-L-lysin (Wako Pure Chemical Industries, Osaka, Japan) at a density of 1×10 5 cells/glass. The cells were incubated at 37°C with 5% CO2, 95% atmospheric air in a neurobasal medium containing 1×gluta MAX-1, B-27 supplement (Invitrogen), 100 µg/ml of penicillin and 100 µg/ml of streptomycin. Cells were used in experiments 4-7 days later. Primary culture of neonatal mouse cardiac myocytesCardiac myocytes were isolated from the hearts of 1-day-old mice as previously described (21) with some modifications. Briefly, myocytes were chopped into small pieces and digested with 0.1% collagenase type II and 0.04% pancreatin 3 times at 7 min intervals. To remove the non-myocyte fraction, the cells were plated onto culture dishes in minimum essential medium (MEM) (Invitrogen) with 10% fetal bovine serum containing 100 µg/ml penicillin and 100 µg/ml streptomycin for 45 min, after which the non-attached myocyte-rich fraction was plated onto a 12-mm glass coverslip precoated with 20 mg/ml Laminin (Sigma-Aldrich) at a density of 1×10 5 cells/glass in the same medium. Twenty-four hours after plating, the culture medium was changed to MEM with an insulin-transferrin-selenium-A supplement (ITS-A, Invitrogen) containing 100 µg/ml penicillin and 100 µg/ml streptomycin. The cells were maintained in a humidified 5% CO2, 95% atmospheric air incubator at 37°C. Primary culture of mouse renal epithelial cellsPrimary culture of mouse renal epithelial cells was performed as previously described (22) .
Quantitative reverse transcription-polymerase chain reaction (RT-PCR)-
Total RNA was extracted from cortical neurons using TRIzol (Invitrogen) according to the manufacturer's instructions. Both the generation of cDNA and the RT-PCR analysis were performed as previously described (17, 23) . Real-time PCR was executed using a MyiQ Single-Color Real-Time PCR Detection System (BioRad Laboratories, Hercules, CA, U.S.A.) and an SYBR Green kit (Takara Bio, Shiga, Japan). Primers for amplification were designed based on Bim (5'-CCCGGAGATACGGATTGCAC-3' and 5'-GCCTCGCGGTAATCATTTGC-3') and 18S ribosomal RNA. The forward and reverse primer set was designed between multiple exons. Abundance of mRNA was determined relative to that of 18S ribosomal RNA. Northern blottingPartial fragments of mouse Epac1 and Epac2 cDNA clones were obtained by PCR. A mouse GAPDH probe was used as an internal control. Northern blotting was performed as previously described (24) . Western blot analysisWestern blot analysis of cortical neurons and cardiac myocytes was performed as previously described (25) with some modifications. Briefly, cells in 35-mm plastic dishes were lysed and collected with a lysis buffer (25 mM Tris-HCl pH 8.0, 10 mM EGTA, 10 mM EDTA, 10 mM Na 4 P 2 O 7 , 100 mM NaF, 10 mM Na 3 VO 4 , 20 µg/ml TLCK, 10 µg/ml Leupeptin, 1 mM PMSF, 50 U ETI, 2 µg/ml Aprotinin and 1% Nonidet P-40). After protein concentrations were determined using the RC DC protein assay kit (BioRad), SDS-PAGE and Western blotting were performed, followed by densitometric analysis using LAS3000 and Science Lab Multi Gauge version 3.0 software (Fujifilm, Tokyo, Japan) ImmunoprecipitationLysates from cells treated with pMe-cAMP or Bnz-cAMP for 24 h were incubated with 2 µg of anti-Bcl-2 or anti-Bim antibody overnight. Immune complexes were captured with protein G-Sepharose 4 Fast Flow (GE Healthcare Bio-Sciences, Chalfont St. Giles, UK). Beads were washed 3 times in the lysis buffer and boiled in an SDS sample buffer. Samples were subjected to SDS-PAGE and blotted onto a polyvinylidene difluoride membrane (Immobilon-P; Millipore, 
Terminal deoxynucleotidyl transferase mediated biotin nick end-labeling (TUNEL) assay-
In-situ labeling of fragmented DNA in cultured cortical neurons and cardiac myocytes was performed using the DeadEnd TM fluorometric TUNEL system (Promega, Madison, WI, U.S.A.) according to the manufacturer's instructions. Cells were incubated with the presence or absence of pMe-cAMP or Bnz-cAMP for 48 h, fixed with 4% paraformaldehyde for 25 min, and then incubated with 0.2% Triton X-100 for 5 min. The cells were equilibrated with a buffer consisting of 200 mM potassium cacodylate (pH 6.6), 25 mM Tris-HCl (pH 8.0), 0.2 mM DTT, 0.25 mg/ml BSA and 2.5 mM cobalt chloride at room temperature for 10 min, followed by 60 min of incubation with a TdT reaction buffer containing 100 µM dATP, 5 µM fluorescein-12-dUTP, 10 mM Tris-HCl (pH 7.6), 1 mM EDTA and 40 µM of terminal deoxynucleotidyl transferase enzyme at 37°C. DNAs were stained with DAPI (4', 6-diamidino-2 phenylindole). The percentage of the total cells that were TUNEL-positive was determined in a blinded manner. Approximately 2000-3000 cells in 10 randomly-selected fields from each sample were counted. For detection of apoptosis in brain tissues from WT or Epac1 KO mice, deparaffinized tissue sections were treated with 20 ug/ml proteinase K and 50 mM EDTA in 100 mM Tris-HCl (pH 8.0). The sections were fixed with 4% paraformaldehyde for 15 min at room temperature and then subjected to the equilibration step in the procedures described above. Analysis of DNA fragmentation by ELISAHistone-associated DNA fragments were quantified using the Cell Death Detection ELISA kit (Roche Diagnostics, Basel, Switzerland) according to the manufacturer's instructions. After cortical neurons and cardiac myocytes were incubated in the presence or absence of pMe-cAMP or Bnz-cAMP for 48 h, they were gently washed with PBS and incubated with a lysis buffer [PBS containing 10 mM EDTA (pH 7.2) and 0.1% Triton-X] for 1 h at 37°C followed by vigorous shaking for 30 sec. The cell lysates containing cytoplasmic histone-associated DNA fragments were applied to a streptavidin-coated microtiter plate. Subsequently, a mixture of biotin-labeled anti-histone antibody and peroxidase conjugated anti-DNA antibody was added and the resulting mixture was incubated with moderate shaking for 2 h. After unbound antibodies were removed by washing, the amount of nucleosomes was quantified based on the peroxidase retained in the immune complex. The activity of the peroxidase was determined photometrically using 2, 2-azino-di-[3-ethylbenzthiazoline-sulfonate] as a substrate. The values from triplicate absorbance (at 405 nm) measurements were then averaged. Mitochondrial membrane potential analysisMitochondrial membrane potential of cortical 5 neurons was quantified using a Mitocapture TM Mitochondrial Apoptosis Detection kit (BioVision Inc., Mountain View, CA, U.S.A.) according to the manufacturer's instructions. Cortical neurons were incubated on a 12-mm glass coverslip in the presence or absence of pMe-cAMP or Bnz-cAMP for 48 h, then stained with Mitocapture reagent and incubated in DAPI to allow the visualization of all nuclei. The images were obtained using an inverted microscope (TE2000-E, Nikon, Japan). The red emission of the dye detected at 543 nm is due to a potential-dependent aggregation in the mitochondria reflecting normal membrane potential. Green fluorescence detected at 488 nm reflects the monomeric form of Mitocapture TM , appearing in the cytosol after mitochondrial membrane depolarization. The percentage of the total cells representing apoptotic cells was determined in a blinded manner by counting approximately 1000-3000 cells in 10 randomly-selected fields from each sample. Rap1 activation assayRap1 activity was measured using the EZ-Detect RAP1 activation kit (Pierce, Rockford, IL, U.S.A.) according to the manufacturer's instructions. Primary renal epithelial cells from WT and Epac1 KO mice were lysed 15 min after stimulation with pMe-cAMP (50 µM). Cell lysates were incubated with the Rap-binding domain RalGDS-RBD fused to a glutathione S-transferase disk. After cells were washed several times, bound GTP-Rap1 was removed from the disk through boiling in an SDS sample buffer and analyzed by Western blotting using an anti-Rap1 antibody. In-vivo experiment and tissue preparation-3-propionic acid (3-NP, Sigma) was prepared and administered as previously described (26). 3-NP was dissolved in saline, and the resulting solution was adjusted to pH 7.3-7.4 with 5N-NaOH. 3-NP (140mg/kg/d) was the injected intraperitoneally into the animals once per day for 2 days. Twenty-four hours after the 2nd injection, the mice were anesthetized with pentobarbital and transcardially injected with 10% paraformaldehyde/PBS (pH 7.4). Brains were fixed in the same fixative solution overnight, immersed in 70% ethanol for 24 h, then embedded in paraffin. Sections 4 µm in thickness were subjected to TUNEL staining. Statistical analysisAll data are reported as mean ± SEM. Comparisons between 2 groups were analyzed using Student's t-test. For multiple groups, one-way ANOVA was used with a Bonferroni post-hoc test. P<0.05 was considered to indicate significance.
RESULTS

Differential effects of Epac on apoptosis in mouse cortical neurons and myocytes-
We first investigated whether the stimulation of Epac has similar effects on apoptosis in various kinds of post-mitotic cells, using a primary culture of mouse cortical neurons and cardiac myocytes. Apoptosis was detected by means of TUNEL staining 48 h after treatment with pMe-cAMP or Bnz-cAMP, the Epac-and PKA-selective cAMP analogs, respectively (27) . We observed strong TUNEL labeling of apoptotic bodies in cortical neurons treated with pMe-cAMP (Fig. 1A , upper panels, inset). In contrast, pMe-cAMP did not induce apoptosis in cardiac myocytes (Fig. 1A , lower panels). The number of TUNEL-positive cells was quantified, showing that stimulation of Epac significantly increased apoptosis in cortical neurons but not in cardiac myocytes (Fig. 1B and  C) . Since a high Bax/Bcl-2 ratio is associated with greater vulnerability to apoptotic activation (28, 29) , we quantified the protein expression of Bax/Bcl-2 to confirm our findings. Activation of Epac by pMe-cAMP increased the Bax/Bcl-2 ratio in cortical neurons but not in cardiac myocytes (Supplemental Fig. 1A-D) .
It is already known that activation of cAMP/PKA signaling plays a protective role in neuronal cells but a deteriorative role in myocardial cells (30, 31) . In accordance with previous reports, the PKA-selective cAMP analog Bnz-cAMP induced apoptosis in cardiac myocytes but not in cortical neurons, even at 100 µM ( Fig.  1A-C) . These results suggest that the activation of Epac has different effects on apoptosis in neuronal cells and cardiac myocytes.
Effects of overexpression of Epac on apoptosis in cortical neurons and cardiac myocytes-
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To confirm that Epac was involved in neuronal cell death, we performed adenovirus-mediated gene transfer of Epac1, Epac2 (since both isoforms of Epac (9) are known to be activated by pMe-cAMP), a PKA α catalytic subunit, or a LacZ control. Overexpression of Epac1, Epac2, PKA α catalytic subunit proteins or PKA α regulatory subunit proteins in cortical neurons and cardiac myocytes 12 h after infection with each adenovirus is shown in Fig. 2A and B. Endogenous protein expression of Epac1, Epac2 and PKA subunits was not significantly affected by any of the adenoviruses. We also confirmed that overexpression of PKA α catalytic subunit significantly increased PKA activity in cortical neurons (Supplemental Fig. 2 ). Overexpression of Epac1 or Epac2, unlike LacZ, significantly increased the incidence of TUNEL-positive apoptotic cells in cortical neurons but not in cardiac myocytes (Fig. 2C and D) . In contrast, overexpression of PKA increased the number of TUNEL-positive cells in cardiac myocytes, but not in cortical neurons. An ELISA assay yielded results similar to those of TUNEL staining ( Fig.  2E and F) , indicating that overexpression of Epac1 or Epac2 increased DNA fragmentation in cortical neurons but not in cardiac myocytes. Importantly, these results are different from those obtained through PKA overexpression, suggesting that, at least in part, Epac promotes neuronal, but not myocardial, apoptosis.
Epac activation increases Bim expression-
The Bcl-2 interacting member (Bim) is a sensor of apoptotic stress located upstream of the Bcl-2 family. Bim regulates Bcl-2 in the mitochondrial membrane, resulting in apoptosis (32), (33) . Bim protein was highly expressed in brain tissue and cortical neurons (Fig. 3A and B) , but was expressed either slightly or not at all in heart tissue and cardiac myocytes, as previously described (34, 35) . We therefore examined the change in the expression levels of Bim mRNA and protein in cortical neurons using pMe-cAMP. We found that pMe-cAMP increased expression of Bim mRNA and protein in a time-dependent manner ( Fig. 3C and Fig. 5C and F) . Further, pMe-cAMP, but not Bnz-cAMP, significantly increased Bim protein in cortical neurons 24 h after treatment ( Fig. 3D and  E) . These results suggest that the stimulation of Epac increases Bim expression by enhancing transcription in cortical neurons, though the stimulation of PKA does not. (36, 37) . We next sought to determine which of these pathways plays the most important role. We found that an Epac-selective cAMP analog increased phosphorylation of p38 MAPK in cortical neurons, though a PKA-selective cAMP analog did not ( Fig. 4A and B) . In contrast, there was no significant difference between Epac and PKA stimulation in terms of their effects on the phosphorylation of p44/42 MAPK, JNK1 or JNK2/3 (data not shown). Further, SB203580, a p38 MAPK inhibitor, attenuated Epac-induced Bim expression and apoptosis ( Fig. 4C and D) . These results suggest that Epac-induced neuronal apoptosis is mediated by the elevation of Bim expression via p38 MAPK.
Inhibition of p38 MAPK attenuates Epac-induced Bim expression and apoptosis-
Three signal pathways have been implicated in regulating Bim protein expression: the JNK/c-Jun, cell cycle (Cdk4/E2F/Myb), and p38MAPK/FoxO pathways
Epac activation increases interaction of Bim with
Bcl-2-Bim is thought to exert its pro-apoptotic activity by binding to Bcl-2, thereby blocking the anti-apoptotic function of Bcl-2 (38). After demonstrating that stimulation of Epac increased Bim expression, we needed to confirm that the binding of Bim to Bcl-2 was likewise increased. We conducted pull-down assays using anti-Bcl-2 and anti-Bim antibodies after treatment with pMe-cAMP or Bnz-cAMP, and found that the activation of Epac by pMe-cAMP significantly increased the amount of Bim associated with Bcl-2 in cortical neurons 24 h after the treatment (Fig. 5A and D) . Association of Bim with Bcl2 was also increased 10 h after Epac activation ( Fig.  5B and E) , suggesting that association of Bim with Bcl2 was increased in accordance with increased Bim expression. Activation of PKA by Bnz-cAMP did not promote binding Bcl-2 with Bim even 24 h after treatment (Fig. 5H and I ).
Since it is already known that Bcl-2 regulates the mitochondrial pathway of apoptosis, we next 7 explored whether pMe-cAMP induced apoptosis through the mitochondorial pathway in cortical neurons.
Disruption of mitochondrial transmembrane potential is one of the earliest intracellular events, and such disruption occurs following induction of apoptosis via mitochondria (1) . In apoptotic cells, the mitochondrial membrane potential is dissipated, and thus the Mitocapture dye is dispersed in the cell as green fluorescent monomers detected at 488 nm. We found that Epac activation with pMe-cAMP (50 µM) promoted the disruption of mitochondrial transmembrane potential based on 488 nm-positive (green fluorescence) intensity in cortical neurons ( Fig. 5J and K) . Taken together, these data suggest that stimulation of Epac promotes the binding of Bim to Bcl-2, leading to neuronal apoptosis via the mitochondrial pathway.
Epac-induced neuronal apoptosis is mediated by Bim-
To further confirm the contribution of Bim to Epac-induced apoptosisis in cortical neurons, we used Bim-targeted siRNA. Changes in Bim protein expression caused by the siRNAs are shown in Fig. 6A . When Bim was silenced, the effect of pMe-cAMP on the number of TUNEL-positive cells in cortical neurons became significantly smaller (Fig. 6B and C) , although Epac-induced apoptosis was not completely abolished. The evidence suggests that enhanced Bim expression via p38 MAPK appears to play an important role in Epac-induced apoptosis in neuronal cells.
Effects of apoptotic stimuli on cortical neurons of Epac1 KO mice-
Two isoforms of Epac, Epac1 and Epac2, have been previously identified (9) and are known to be activated by pMe-cAMP. In the present study, we focused on the role of Epac1, since changes in Epac1 expression have been demonstrated in Alzheimer's disease and in neuronal cells (13) (14) (15) . It has therefore been tentatively proposed that Epac inactivation might play a protective role against neuronal apoptosis.
To test this theory, we generated Epac1 KO mice (see Methods section and Fig. 7A ), which lacked Epac1 expression in neuronal cells as shown by Northern blot analysis (Fig. 7D) .
pMe-cAMP-induced Rap1 activation in Epac1 KO mice was significantly decreased in renal epithelial cells (Fig. 7E) . Because renal epithelial cells do not express Epac2, this decrease in Rap1 activation most likely mirrors the impact of Epac1 deletion.
Induction of neuronal apoptosis has been well demonstrated in cortical neuronal cells using 3-NP (26, 39) or hydroxyl peroxide (40, 41) . Using these pharmacological stressors, we examined whether the induction of apoptosis could be altered in cultured neuronal cells obtained from Epac1 KO mice. Apoptosis induced by hydroxyl peroxide or 3-NP, an irreversible inhibitor of mitochondria complex II. and detected through TUNEL staining was significantly decreased in neuronal cells from Epac1 KO mice ( Fig. 8A and B) . Further, both mRNA and protein expression levels of Bim remained significantly lower in cells from Epac1 KO mice than in those from WT mice (Fig. 8C-E) , suggesting that Epac1 deletion plays a protective role against neuronal stresses.
Deletion of Epac1 attenuates 3-NP-induced neuronal apoptosis in vivo-
To examine the effect of Epac1 deletion in vivo, we administered 3-NP systemically to intact mice; this is a chemical and pathological way to induce mitochondrial and degenerative disorders in vivo (26, 39) . We determined the number of apoptotic cells in cortical and striatal regions of Epac1 KO and WT mice through TUNEL staining. We found that 3-NP-induced apoptosis was significantly decreased in both the cortices and the striata of Epac1 KO mice in vivo (Fig. 9A, B, D and E) . We confirmed that TUNEL-positive cells were stained with NeuN, a neuron specific marker (Supplemental Fig. 3) . Further, the number of cleaved caspase 3-positive cells was significantly increased in WT mice treated with 3-NP and was attenuated in Epac1 KO mice treated with 3-NP (Fig. 9A, C, D and F) .
Taken together, these results reveal that Epac plays an important role in inducing neuronal, but not myocardial, apoptosis. More importantly, its role in this process is different from that of PKA. We found that neuronal apoptosis was, at least partially, mediated by Epac-Bim signaling, and that Epac silencing had a protective role against 8 apoptosis in vivo. Inhibition of Epac might be considered as a therapeutic strategy for the treatment of neurodegenerative diseases.
DISCUSSION
It is well known that cAMP signaling increases neuronal cell survival and decreases myocardial cell survival. We have demonstrated here that the activation of cAMP signaling does not protect neuronal cells when Epac is selectively activated. Rather, cAMP signaling increased apoptosis in neuronal cells when Epac1 was activated. In myocardial cells, however, Epac activation does not promote apoptosis. To our knowledge, this is the first demonstration of the differential role of Epac in apoptosis in neuronal and myocardial cells, both of which are typical post-mitotic cells. The present study suggests that neuronal apoptosis is partly mediated by Epac through increased Bim expression, and that the inhibition of Epac signaling plays a protective role in neuronal apoptosis in vivo.
The roles of Epac and PKA in apoptosis-
The effect of cAMP signaling on cell death has been explored in multiple cell types, though most of these studies were conducted before Epac was identified. In neuronal cells, activation of cAMP/PKA signaling inhibited apoptosis induced by KCl in cerebellar granule neurons (42) or by HIV protein gp120 in the brain (43) , promoting survival pathways in multiple neuronal cells (44, 45) ; these findings are in agreement with ours ( Supplemental Fig. 4) . In cardiac myocytes, on the other hand, activation of cAMP signaling through such triggers as β-adrenergic receptor stimulation increased apoptosis (7, 8) . In these studies, the role of cAMP has been described primarily in terms of the activation of PKA.
Recently, several studies have suggested a contribution of either Epac alone or both Epac and PKA to apoptosis in restricted cell types including B-cell chronic lymphocytic leukemia (12), human leukocytes (11), immature B lymphoma cells (46) , RINm5F β-cells (47) and H9c2 cells (48) , showing that Epac and PKA play a protective role in apoptosis either alone and/or in concert in immune cells. However, the role of Epac in neuronal and myocardial apoptosis remains unknown, despite the importance of cell death in tissues composed of post-mitotic cells. Our results show that stimulation and overexpression of Epac induces apoptosis in neurons but not in cardiac myocytes, implying that there are cell type-based differences in the effect of Epac activation on cell survival.
Epac-induced apoptosis through increased Bim expression in neuronal cells-
Our study demonstrated that Epac-induced apoptosis is mediated through the regulation of Bim, which acts on mitochondria as a pro-apoptotic factor, leading to disruption of the mitochondrial membrane potential. Bim binds to Bcl-2 and neutralizes its pro-survival function, resulting in apoptosis in multiple cell types (38, 49, 50) . Bim is known to be expressed in neurons, hematopoietic cells, germ cells, lymphoid tissues, myeloid cells and epithelial cells, but not in cardiac myocytes, skeletal muscle or neural supporting cells, including glial, astrocytes, and oligodendrocytes (35) . In agreement with these reports, our results show that Bim protein was highly expressed in primary culture of mouse cortical neurons, but not in mouse cardiac myocytes. In cortical neurons, we found that an Epac-selective cAMP analog increased Bim protein at the transcriptional level. When Bim was silenced, Epac-induced apoptosis was attenuated in neuronal cells. It should be noted that we were not able to exclude the possibility of off-target effects of the siRNAs since the rescue experiment that might exclude them is technically difficult. However, our results together with other data indicating that the suppression of the p38 MAPK pathway inhibits the elevation of Bim mRNA expression and Epac-induced apoptosis suggest that Epac-induced apoptosis is at least partly mediated by increased Bim expression. In fact, gene transfer of Bim to cardiac myocytes, which do not express Bim protein, induced apoptosis (Supplemental Fig.  5 ). Taken together, the evidence strongly suggests that the expression of Bim is responsible for Epac-triggered apoptosis in neuronal cells, while Epac does not induce apoptosis in cardiac 9 myocytes due to a lack of endogenous Bim expression. Further investigation is needed to identify the precise mechanism of Epac-induced transcriptional regulation of Bim in neuronal cells. (13) and the up-regulation of Epac1 protein expression in inflamed rat neurons (14) . These studies indicate that the stoichiometry of Epac, and especially that of Epac1, can be changed and selectively activated in disease conditions including neurodegenerative disorders.
Changes in
Approximately half of all neurons in the nervous system undergo apoptosis during embryonic and early postnatal development (51), a period when Epac1 is highly expressed in the brain (15) . Our results indicate that Epac1-induced neuronal apoptosis may be involved in the mechanisms underlying neuronal development. Nevertheless, Epac1 KO mice showed normal development up to at least 12 months of age, although no detailed assessment of their behavior, cognition or learning memory has been made. Further studies using Epac2 KO mice and Epac1 and Epac2 double KO mice will need to be conducted, given our observation that overexpression of Epac2 induced neuronal apoptosis in vitro.
The effect of Epac1 deletion on apoptosis in vivo-
The mechanisms of neurological disorders such as Alzheimer's disease, Huntington's disease and Parkinson's disease are thought to stem from mitochondrial dysfunction (52). 3-NP, an irreversible inhibitor of the mitochondrial enzyme succinate dehydrogenase (SDH), is often administered systemically to treat these conditions and is considered to possess unique chemical and pharmacological traits which are accordingly considered in the generation of models of mitochondrial disorders and degenerative disorders (26, 39) . The mechanisms of 3-NP toxicity are also thought to involve enhanced production of reactive oxygen species (ROS), including hydrogen peroxide, which can cause oxidative damage to DNA, lipids, and proteins (53) . In the present study, both 3-NP and hydrogen peroxide failed to induce apoptosis in cultured cortical neurons from Epac1 KO mice, and 3-NP-induced neuronal apoptosis was abolished in Epac1 KO mice in vivo. In contrast, there was no difference between Epac1 KO and WT mice in terms of 3-NP-induced apoptosis. Cardiac myocytes from Epac1KO mice did not differ in their sensitivity to cAMP analogs. (Supplemental Fig. 6 and Supplemental Fig. 7) . Although this and our previous studies show that the inhibition of Epac1 protects 3-NP-mediated neuronal apoptosis in vivo and in vitro, the relevance of Epac2 to this phenomenon needs to be examined in future studies. A recent study has demonstrated that Epac is involved in the secretion of an amyloid precursor protein which has been known to induce apoptosis leading to Alzheimer's disease (54) . Together with our data, this indicates that selective inhibition of the Epac signal may prove useful as a therapeutic strategy in treating neurodegenerative diseases.
In conclusion, Epac induces neuronal apoptosis through increased Bim expression. Since disruption of Epac1 exerts a protective effect on neuronal apoptosis in vivo, inhibition of Epac may be a useful tactic in the treatment of neurodegenerative diseases.
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